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Digital Modulation Waveforms far uta in Ranging Systems 

Field of the Invention 

The invention relates generally to the field of navigation and positioning systems, including satellite 
systems, and specifically to improvements In the waveforms end spectra that ana emitted by such 
systems and satellites and to techniques for receiving such improved waveforms. 

Satellite Positioning Systems (SPS) rely on the passive measurement of ranging signals broadcast by 
each satellite, or ground-based or airborne equivalent. In a specific constellation or group of 
constellations. Typically, the time reference for each of the broadcast ranging signals are 
synchronised by a clock flown on board the satellite or equivalent, although there an?» some 
exceptions to this technique. The on-board clock Is used to generate a regular and usually continual 
series of events, often known as 'epochs', whose time of occurrence fs coded into a random or 
pseudo-random code (known as a spreading code). A3 a consequence of the pseudo-rendom or 
random features of the time epoch encoding sequence, the spectrum of the output signal is spread 
over a frequency range determined by a number of factors including the rate of change of the 
spreading code elements and the waveform used for the spreading signal, in almost all cases of 
interest, the spreading wavefomn has been rectangular leading to a spectrum envelope whose shape 
follows a sin(x)/x function. This spectrum shape is correct whether the spectrum is a power spectral 
density or the modulus of ^ oqmplef spectrum, 

The ranging signals are modulated onto a carrier signal for transmission to the passive receivers 

adapted to receive these signals. Applications are known which cover land, airborne, marine and 

space use. Many modulation techniques ere possible, but as is known in the art, it is binary phase 

shift keying which has been employed by which the carrier signal is of constant magnitude but 

alternates between phase states that are 180° apart At least two such signals may be modulated!* * ? f 

onto the same earner in this way but with phase states in quadrature. The resulting carrier signed -*r-^ 

retains its constant envelope but has 4 phase states depending upon to two independent input # 

signals. The two modulating signals do not need to have the same carrier magnitude. The constant 

carrier magnitude of &ie combined signal is maintained, although the phase states are not 90° except 

in the equal signal magnitude case. Figure 1 illustrates thus case for unequal quadrature carrier 

magnitudes. 

Figure 1 shows an Argand diagram for the phases of a signal at a canier frequency (not specified). 
The signal is composed of two components In phase quadrature orientated along the I end Q 
directions. The signal component along the 1 direction is approximately twice the magnitude of the Q 
component The modulation of each component is binary phase shift keyed {BPSK). The table 
included in figure 1 contains ths relationship between the phase state (1 to 4 inclusive) and the binary 
states (+ or of each of the signal components. 

As an example In the known art, the CA code signal emitted by the GPS Satellite Navigation System 
is broadcast on a frequency of 1575.42MHz, known as L1, with a spreading code rate (chipping rate) 
of 1 .023MHz and has a rectangular spreading waveform. It is categorized as BPSK-R1; For GPS, the 
signal broadcast by the satellites on the L1 frequency has a second component in phase quadrature/ 
which is known as the precision code (P(Y) code) and made available to authorized usere only. The 
P(Y) signal Is BPSK modulated with a spreading code at 10.23MH2 with a magnitude which is 3dB 
lower in signal power than the CA code transmission. Consequently, the Q signals have a magnitude 
which is 0.7071 (-3dB) of the magnitude of the I signal components. The phase angles of each state 
are, therefore, ±35,265° in relation to the ±i axis (phase of the CA code signal as specified in ICD 
GPS 200 C). 

The satellite constellations typically contain 10's of satellites often in similar or similarly shaped orbits. 
The transmissions from each satellite are on the same nominal carrier frequency in the case of code 
division access satellites (such as GPS) or on nearby related frequencies such as GLONASQ. The 
satellites transmit different signals to enable each one to be separately selected even though several 
satellites ana simultaneously visible. The visibility charts for GPS show that Ihere are times of the day 
and locations where in excess of 10 satellites may be visible at the same time. The Joint 
constellations of GPS and Galileo wW provide simultaneous satellite visibility in excess of 22 satellite 
signals. 
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The signals from each satellite, In a CDMA system like GPS, are selected from one anotherby means 
of the different spreading codes and/or differences in the spreading code rates, which each satellite 
broadcasts: whereas in Glonasa the satellite signals are separated from one another by virtue of 
differences in transmission frequencies. Nevertheless, there sffil remains residual Interference 
between all the different signals. 

There are several different classes of Interference. We identify at least two categories - which are 
related to the signal .spectrum differences and those associated with code difference usually 
established through the code family cross and auto correlation properties. Where the code families 
are different between 2 satellite systems, the cross correlation properties betweens the families Is a 
descriptor of the mutual Interference. The cross and autocorrelation functions are wen known In fine 
art For the GPS satellite system, the CA code is formed from a family of 1023 length codes 
generated from a selected pair of 10-bit feedback shift registers in accordance with the method 
established by R Gold- This method not only specifies selected pairs of shift register sequences, but 
also prescribes a 3-tevel cross correlation function between family members. 

When the codes come from different families and the transmission frequencies and/or spectra are 
different alternative means for establishing measures of mutual interference are required. Such tools 
hava been developed in the form of a Spectral Separation Coefficients (SSC) linking two interfering 
signals. SSC's have their origins in the cross power spectral density o 12 {<») defined as the product of 
two power spectral densities (PSD), 0>>,(<d} and 0,(03) (see Pratt & Owen). The SSC between spectra 
1 and 2 is defined as tti 2 : 

The values of Oa(to) and '^(cj). are normalized so that each represents a transmission with the energy 
of 1 watt: 



JCD 1 (£i>) J cft r = 1 

]<x> 2 {m)>df = 1 



1.2 



By means of Parseval's Theorem, the integrals of the PSD may also be wntten in terms of their auto- 
correlation functions (ACF); 

Through this definition, there are also definitions for the self SSC for each spectrum; 

* mo 

1_4 



The ratio between the SSC between two spectra and the self SSC for one of the signals gives a direct 
measurement of the energy which leaks from one signal through a receiver with a filter matched to the 
spreading waveform of the other member of the pair. 

The purpose of using the spectral separation coefficients is to quantify the effects of using one signal 
In comparison with another for the purpose of establishing the level of mutual interaction. The 
spectral separation coefficient may, therefore, be used as a metric in selecting different spreading 
code waveforms to control or minimize the levels of mutual interference between two different satellite 
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signals. This may be an important system design consideration in navigation and communication 
satellite systems. 



Brief Description of the invention 

The invention provides improvements to a satellite-type signal which is modulated by a sub carrier as 
in known in the art as BOC (binary offset carrier) or LOG (linear offset carrier) but using a stepped 
multi-level waveform. In one preferred embodiment, the stepped waveform is an approximation to a 
sinusoidal sub carrier modulation. One method of realization is through a multi-angle phase 
modulation in some cases. 

The term "satellite-type" signal Is intended to encompass not only satellite signals themselves, e.g. as 
used in satellite based ranging systems, but also any other similar or related signals used in location 
and/or navigation equipment in other environments, for example on the ground or in an airborne 
vehicle. 

The Invention also provides for a satellite-type signal which Is modulated by a stepped or binary sub 
carrier which is itself the product of a plurality of binary or stepped sub carrier modulation signals. 

The invention also provides for a satellite-type signal which is modulated by a stepped or binary sub 
carrier sequence containing a random or pseudo-random code-as a sub sequence. The code signal is 
constrained to repeat within a spreading pulse or a plurality thereof, so replacing the binary offeet 
carrier with a spread spectrum waveform. 

Thus, In more general terms, whereas ft is known in the prior art to use a digital sub-camer having 
only two amplitude levels with constant temporal intervals between amplitude transitions, a sub-carrier 
in a satellite-type signal according to the invention has a digital waveform in which the amplitude has 
more than two values and/or In. which Lfe tirri© between successive transitions has more than one 

value. • -i^vi 

The invention may facilitate the generation of signals which exhibit low coefficients of spectral 
separation with other signals at near frequencies due to the low levels of the out-of-band sldeiobes. 

At least for some of the signal versions according to the Invention, It Is possible to obtain signals 
which have a constant magnitude. 

A further aspect of the invention provides for a spreading waveform which is a stepped or profiled 
waveform (multi-level) In contrast to the well known prior art in binary waveforms. 

The Invention also provides for systems in which signals or waveforms according to the invention are 
generated transmitted or received. 

The invention also provides for receiver apparatus incorporating demodulation means for the signals 
listed above In this invention. 

The Invention also provides for navigation signal generators used to generate the signals of this 
Invention either for use in satellite applications or in ground or airborne transmitters. 

The Invention also provides for signal generators which are used to make replicas of the signals of 
this invention. Such rapHca generators are often found in receivers and signal simulators. 

The Invention also provides for the use of magnetic or other computer storage media incorporating 
Instructions for generating or demodulating signals incorporating the signal inventions listed above* 
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Detailed Description of the Invention 



It Is a primary purpose of this invention to provide Improved waveforms? for the modulation of satellite 
signals for use in satellite based ranging systems. Such systems are the heart of satellite location 
and navigation systems. As Is well known to those skilled In the art, all such systems may also be 
considered to have significant ground components (transmitters) not only for the support of the 
satellite constellation but also as 'local* components of the system. The scope of this Invention Is 
therefore not limited to satellite based ranging systems but also those operative with entirely ground 
based transmitters or a combination of ground, airborne and satellite transmitters. Although the 
Invention is directed to satellite location and/or navigation systems, to those skilled in the art, it will be 
dear that the concepts described herein are equally applicable to communication systems which 
encompass a ranging component It is intended that such systems ere also considered to be within 
the scope of this Invention. 

The invention is specifically concerned with a part of the payload of a satellite constellation used for 
generating the navigation signals. As in known in the art, such signals are often generated in a binary 
farm and these are used, after multiplication, to modulate the carrier component transmitted. The 
navigation signals Include the spreading waveform, the coded ranging signal, the data message 
including encryption and error correcting parts to the message as required. Examples of such signals 
can be found m the known art such as in the GPS and Glonass systems. GPS CA code is a ranging 
signal with a chipping rate of 1.023Mcps and a sequence length of 1023 binary elements, repeating 
every 1ms. The data rate imposed on this signal is at a rate of 50bps with a message broken into 5 
sub-frames of data of 300 bits each. Four of the sub-frames repeat every 30 seconds whilst the fifth 
sequences through 25 different versions, each one containing the almanac of one of the satellites in 
the constellation. The ranging sequence is. convolved with a rectangular pulse which lasts for a 
duration exactly equal to the time between changes ictthe raifglhg code signal. The rectangular pulse 
is known as the spreading waveform, j&o; lUustratkbi xrf such.a waveform is shown in figure 2, in 
figure 2. the spreading waveform, A, is &' reptaDgulHi In shapa, The ranging code la a series of signal 
states (10101001100010 in the shown e^'mpf^whSrSa^ fe f^a signal i$ shown in 2 states only (10 
in the shown example) with the transition In the data signal from i to 0 taking place exactly at the 10 
transition within the ranging code during the 11000 sequence of states. This causes the ranging 
sequence to be inverted during the '0* state of the data signal. Consequently, the transmitted 
sequence is 10101001111101. The composite resulting waveform shown in the top tine of figure 2 is 
then modulated onto the satellite carrier using binary phase shift keying (BPSK) wherein a '0 f state is 
transformed into a '+1' signal and modulated as a 0° phase and a T state is transformed into a '-1 f 
signal and modulated as a 1 80* phase angle. 

The spectrum resulting from BPSK modulation of a carrier signal has spectral components that extend 
well beyond the chipping frequency. In some cases Ihe range of frequencies emitted from the satellite 
may be limited by various filters, such as the output multiplex filter connecting the HPA (High Power 
Amplifier) to the antenna system or by other filters. Furthermore, the navigation signal receiver also 
contains frequency filtering components such as antenna and receiver filters, often used to limit the 
receiver sensitivity to unwanted signals, 

In the description of this invention, the spreading waveform has been specifically separated from the 
coded ranging signal. This Is purposeful as the improvements described in the invention relate 
specifically to the design of the spreading waveform and not to the ranging code. The invention 
identifies the spreading waveform, which has hitherto been only binary in satellite and ground based 
ranging systems, as a mechanism for controlling the spectrum of the ranging signal emissions 
Including changing the frequency at which the peak energy is transmitted and through such spectrum 
control, bringing improvement the intersystem interference metrics, for example through the spectral 
separation coefficients. We now describe five specific embodiments of the invention with different 
spreading waveforms as illustrations of the concept. 

In the first embodiment of the Invention, the spreading waveform is a multi-level signal. This is 
illustrated in figure 3 in which b 5-level spreading signal is shown replacing the BPSK signal of the 
known art The BPSK signal takes carrier phase values of 0° and 180° corresponding to signal values 
of the composite spreading waveform, ranging code and data signal of (+1, -1). For the 5-level 
waveform, the levels may be equl-spaced but do not need to be. In the example of figure 3 the signal 
levels are taken from the set (+1, +1/-/2, 0 -1/</2, -1). The levels are the resolved ampfitudes along 
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one of the axes, in a careteslan co-ordinate system, of a rotating vector at angles every 45° around a 
circle with a (0,0) origin and having unit magnitude. On Its own, this signal would not be very useful in 
a satellite transmission system because ft does not have constant magnitude! However, in 
combination with a similar signal in phase quadrature, a constant magnitude signal can be formed. 
There are some constraints to be satisfied if a constant modulus Signal is required. The rules are: 

or -1' on one phase (I) can only occur when a Kf occurs on the Q phase, and vice versa 

'±1/^2* must occur on both phases (3 and O) simultaneously. 

Another way of viewing the Invention is to consider the 8-phase signal (B-PSK) represented by the 
relating vector with angles every 45 a around the unit circle in an Argand Diagram. Such a signal is 
capable of transmitting for each symbol 3 independently determined bits of information (in accordance 
with Shannon's Information Theory). The present formulation is a degenerate usage of the 8 level 
symbol in which the capability to carry one bit of information has been exchanged, through the rules 
above, for some control ovar the Iransmitted waveform and thus its spectrum- The waveforms for the 
i and Q components are thus bunt from the following signal element sequences: 

I phase - (+1/V2, +1, +1/^/2, 0) representing a +1 signal 
I phase - -1 , -1/V2, 0) representing a -1 signal 
Q phase - (+1/V2. 0, -1/^2, -1 } representing a -M signal 
Q phase - {-1/V2, 0, +1 ^2. +1 ) representing a -1 signal. 

Any combination of I or Q signal sequences can be chosen from, the above set within the constraint af 
a constant magnitude carrier signal computed as (I^Q^- ft wSjl.be clear Sic? those skilled in the art, 
that there are many otherequivalent sets of sequences which may'pe chosen from the set of 5-ievels 
satisfying the criteria of constant carrier envelope. S£i6h sequeftdtss are thcTuded within the scope of 
the invention. ~[. '? ' ■ - . 

Several additional further variations in the assignment; erf code artfifdate states to the phase locations 
are possible. One example of this may be generated through rotation of the phase states on the 
Argand diagram * representing the assignment of carrier phases. A re-assignment from the angles 
set (0°. 46°, 90° , 135*, 180*, 225°. 270°, 315*) to the angles set (22.5*, 67.5°, 1 12.5*, 157.5°, 202.5*. 
247.5°, 292.5°* 337*5°) is a simple rotation through 22.5° and, therefore, causes no change in power 
spectral density or spectrum modulus. However, the number of required amplitude levels in the I and 
Q signals changes from 5 to 4. The resulting waveforms for the t and Q components are built in Ms 
case, from the following signal element sequences: 

I phase - (+cos(67.5°), + C os(22.5 l, ) l +cos(22.5 a ), +cos(67,5 a )) representing a *1 signal 
I phase - (-cos{67.5°) 1 -cos(22,5 a ), -cos(22.5°), -cos(67.5°)} representing a -1 signal, 
Q phase - (*sin{67.5 c ), +sin(22,5 0 ), ^in{22.5*), -sin(67.5°)) representing a +1 signal 
Q phase - («sin(67.5°), -sin{22.5°} 1 +sin(22,5*), +sln(67.5*)> representing a -1 signal. 

It may be noted that the i and Q signal element sequences for both the cases described above era 
orthogonal over the duration of one spreading pulse {chip) as shown in A of figure 2. Clearly, other 
rotations are possible and ail will yield orthogonal signal element sets. 

A further change may be envisaged in which the target carrier envelope is not constant. The 
requirement of constant envelope is beneficial to the performance of some forms of satellite based 
high power amplifiers (HPA's). In other cases, this may be a critical requirement and could be 
relaxed. Other possible envelopes of carrier level couid be elliptical or polygon on shape. The 
elliptical shape is of interest because it arises from unequal magnitudes for I and Q signal elements, 

Those skilled in the art will recognize that tfiere are other variations within the scope of the Invention 
which produce alternative usable arrangements. These include the use of unequal angular spacing 
{not 45° for 8 PSK systems) and the application of uneven spacing of the time samples. 

Another means of understanding the invention as embodied above is through a state chart. This 
shows the sequence of states depending upon the I and Q states for which transmission is required 
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and the sequence of states refuted to control the spectrum of the transmission- Figure 4 shows an 
Argand diagram with 8 phase states Identified at regular 45° Increments starting at 22,5°, each phase 
state is numbered 1 to a inclusive. Table 1 shows the sequence of phase states required for each I 
and Q state signal element 
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Table 1 - Sequence of States for 8-PSK I & Q signal elements 



In a second aspect of the invention, it is evident that the signal element sequence are sections - 
(specifically half cycle sections in the aspect of the invention disclosed above) from a sampled 
sinusoid. The concept can, therefore, bejaxtended to include a multiplicity of such samples. Those 
variants, which appear to be useful, include the cases with samples from a finite number of half 
cycles. An example is given in table 2 based on the phase state diagram of figure 4 for samples from 
VA cycles (or an arbitrary number of haif cycles) of the sinusoid waveform. It is worthwhile to identify 
the sinusoid, from which these samples are taken, as the 'basis waveform* since there are other 
choices for the basis waveform which lead to useful application classes. 
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Table 2- Sequence of States for 8-PSK I & Q Signal Elements with VA Cycles of .sub-carrier 

modulation 



H Will seen that there are 4 time samples for each % cycle of the waveform which replaces the 
spreading waveform of figure 2 denoted by TV. Tha stepped sinusoidal sampled waveform may be 
viewed as a sub-carrier modulation of the basic spreading waveform. The number of time samples 
and independent information bearing channels is related to the number of phase states which the 
carrier signal has in its representation. Although the examples above have used 'powers of 2' this is 
not necessary. A 6-PSK carrier signal can be used to carry 2 independent Information bearing binary 
channels, in this case only 3 signal element samples are required per transmitted code chip 
(spreading waveform element W). 

in order to show the benefits of this aspect of the invention, the spectrum of a BOC(2,2) and Its 
stepped sinusoidal counterpart, denoted BOC8(2^), are illustrated in figure 5. The vertical scale is 
logarithmic (calibrated in decibels) whilst (he horizontal scale is in frequency offset (MHz) from the 
carrier frequency, TTw* (upper) dotted curve is the binary offset carrier modulated code signal spectral 
envelope whilst the lower (solid) curve is a BOC8(2,2) spectrum using a stepped sinusoid with 5 
levels, as described hereinbefore. This is realised using an 8 phase carrier modulation. It is evident 
that the BOC8<2,2) signal exhibits lower sidelobe levels than the binary sub-carrier equivalent in 
BOC(2,2). This is of benefit when it is necessary to use the spectrum In Hie region of the sidelobes 
for the transmission of another satellite signal (or another satellite service). The lower sidelobe levels 
add to the isolation between such signals. This isolation is measured using spectral separation 
coefficients (SSC's), 

Replacement of the stepped sinusoid with a rectangular wave with duration of each element equal to 
a Yt cycle of the sinusoid is a known form in the art. it Is known as 'Binary Offset Carrier' or BOC as 
an acronym. There are usually 2 further attributes associated with the BOC description which relate 
to the frequency of the code chipping rate and to tha frequency of the offset sub-carrier. BOC{2^) 
consequently is interpreted as a waveform with a 2.046MHz chipping rate and a 2.046MH* offset sub- 
carrier. This arrangement has exactly two J£ cycles of the sub-canier signal fqr each code element 
(chip). A further arrangement is known in which the sub-carrier is a pure sinusoid (rather than a 
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stepped equivalent). This class Is known as LOC(m,n) modulation - for Linear Offset Carrier. Whilst 
this offers good spectral properties, there are disadvantages in aspects of power amplification as the 
envelope of the carrier signal Is not constant 

In a furiher aspect of the invention, the sub-carrier signal may be formed from a set of signal elements 
comprising a multi-level representation of a basis waveform which Is further modulated by a second 
basis waveform. In general, a multiplicity of layers of modulated basis waveforms can be used to 
construct a suitable sub-carrier waveform, though in practice, it is rarely of benefit to use more than 2 
basis signal thus nested. As examples of this aspect of the invention, figure 8 contains the waveform 
for the spreading waveform of each code in which there is a second sub-carrier modulation. In figure 
6, as an illustration of the Invention the sub-carrier basis waveform are binary. The extent of the time 
duration in figure 6 is 512 samples and exactly matches the duration of one code element duration 
{chip}. There are two basis waveforms - the first (a) contains 4 % cycles of a sub-carrier shown as 
the dotted waveform. If this were the only sub-carrier component, the modulation would be a 
B0C(2x.x) type, where x is the frequency of the code rate (chipping rate). However, there is a second 
sub-carrier (b) as shown in .the solid curve (also binary in this case) that modulates the first sub-carrier 
signal. There are 16 Ya cycles of the second sub-carrier in the chip duration (512 samples). As a 
result of the modulation (multiplication) of the two sub-carriers, the resulting waveform has phase 
reversals in the (b) sub-carrier whenever there Is a sign reversal In the (a) sub-carrier. This Is clearly 
evident in the/figure(6). The resulting modulation Is denoted Double BOC f or DBOC. In the case of 
figure 6 the modulation is DBQG(ex,(2x,x}), The main energy is concentrated around frequencies ±8x 
from the carrier signal, with a BOC like double humped spectrum. 

A typical spectrum Is shown In figure 7 for a DBOC a (1 6,(2,2)) type signal. A BOC9(2,2) spectrum is 
>- - . = alsor^hown in Figure 7 for comparison purposes. The spectra shown have been made using .a 
' ''previous aspect of the invention in combination with the Double BOC concept - that of using stepped 
. i\ . approximations to sinusoidal sub-carrier modulation- The waveforms for thai & Q modulations fc^e 
dL„ : 'Sfc^m of figure 7 are given in figure 8. These illustrate/ the use of-t*lg pegged sir?^g!$5l 
.7*" rnodulation on the first sub-carrier (a) whereas the second sub-carrier (b) is used In a bVifcry fcmWitin 
•' the%>uble modulation arrangement, the magnitude of the second Sub-cani&f -(1) is multiplied fey^ the 

magnitude of the first sub-carrier - stepped sinusoid), 

A further feature of the Invention is illustrated In figure 8 in that a cooperative set of signals to the 
DBOCa signal but only using BOCa modulation (stepped sinusoid) is used on the Q channel and yet 
still allows a constant envelope carrier signal to be emitted from the satellite, 

A final feature of the invention is the use of a random sequence to act as a sub-carrier instead of the 
binary or stepped sinusoidal modulations. The use of additional sequences to that of the main 
spreading code has hitherto been limited to use as a tiered code which changes state after every 
complete code repetition interval. The GPS LS codes are constructed in this manner using Neumann 
Hoffman sequences of length 10 or 20 to extend a 1ms code (of 1023Q chips or elements) to 1 0ms or 
20ms. The use of a sub code chip interval has not previously been considered. A complete 
sequence (a sub-sequence) is of duration one, or at most a plurality, of code chips. It fulfills a similar 
role to the sub-carrier modulation as described hereinbefore in that Is controls the spectrum of the 
emissions. One feature of such a sub-sequence Is that such sequences may be chosen to be 
common amongst a satellite constellation or a sub-set of the constellation. One such subset might be 
a group of ground transmitters providing a local element or augmentation to the space segment of the 
system. 

Another purpose for the use of the sub-sequence is to improve the isolation between two satellite 
signals through spreading the energy of one signal over a wide spectrum. 

The illustrations have used above have exclusively employed stepped and sampled versions of 
sinusoidal or binary waveforms for the sub-carrier modulating signals, in yet a further aspect of the 
invention, the amplitude steps and sample durations are varied for the purpose of steering a spectral 
null into a required frequency location. An additional use of the sample duration modulation and 
amplitude levels control Is to meet another signal metric such as minimize the energy In the 
harmonics of the resulting sub-carrier modulation waveform. An Illustration of the first of these 
aspects Is observed In figure 5 in which addition spectral, nulls appear in the 8008(2,2) spectrum at 
approximately 6MHz and 10MHz offset from the carrier frequency. There are no such nulls "m the 



spectrum of the BOC(2,2) - using binary sub-carrier modulation. The appearance of the nulls is not 
accidental and the location of the nulls can be controlled by the relative magnitude of the steps for this 
cas@. 




Figure 1 - Argand Diagram for two BPSK signals In phase quadrature - unequal signal levels 
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Figure 2 - illustration of features of a combined ranging signs* and data waveform 
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Rgure 3 - Illustration of a 5-ievel stepped waveform 
Amplitudes follow a sinusoidal distribution 



PsgeQof 12 




Page 10 of 12 




Amplitude , 

















































- — — 



















Sa 100 iw 



200 250 300 

Sample Number 



350 400 460 500 



Figure 6 - Double Binary Offset Carrier Modylatio 
total duration equal to A In figure 2. 




Page 11 of 12 



16MHz sub carrier modulated BOC£2,2) wave 
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Figure 8 - Stepped sine wave DBOC Modulation fcr I channel snd BOC Modulation for Q channel 
exhibiting constant carrier magnitude ' ? 



The reader Is additionally referred to the following paper (BOC Modulation Waveforms) by the 
Inventors giving further information and explanation. 



Page 12 of 12 



lp0.78&^;^r-iSe'M1)3:-;Q2^23r^ 



•*->'>» Wt I 



BOC Modulation Waveforms 



Anthony R Pratt, Orfuster Consultants, UK and John 1 R Owen, DSTL, MOD, UK 



ABSTRACT 

This paper Is concerned with the evolution of 
modulation waveforms that are starting to find 
application In the most recent navigation satellite 
transmissions. Specifically, we focus on the 
waveforms used far sub carrier modulation with 
binary signals, the spectral consequences of the 
resulting waveforms and the generalization of these 
signals. Specifically, we consider multi-lave! 
waveforms that can be simply Implemented by multi- 
phase constant envelope signals, well adapted Id 
high power amplifiers used in navigation satellite 
paytoads. The method of superposition is used to 
derive a family of equations describing the spectra of 
such signals. Formulae are derived for the spectra 
of both 3-level and 5-levei BOG sub carrier 
waveforms. The theory Is general and may be easily 
extended to both sub carrier modulation with higher 
numbers of levels and the use of non-binary 
spreading code waveforms. 

One important suggestion, which arose from J-L 
Isster (ONES), is the use of cosin$. sub carrier 
modulation, rather than sine wave modulation. The 
results of analysis are also applied to this case. 

One of the metrics by which the new signals are 
compared for their Interactions with others is the 
SSC. Consequently, a section Is Included In the 
paper setting out a more developed form of the 
Spectral Separation Coefficient Theory. There are 
two useful enhancements to the theory- One 
permits the introduction of protection filters to assist 
in the isolation of one signal type from another whilst 
the second derives a form that is computable in the 
time domain - this is especially beneficial for 
complicated signal shapes. 

The combination of the two is a more complete 
theory in providing an armory of techniques useful in 
designing navigation signals able to reasonably 



compete within the current crowded spectra. This 
especially useful in the design of candidate signals 
for Galileo, able to occupy the E1-L1-E2 frequency 
band alongside CA code transmissions from GPS 
and the BOC(1Q.5) spectrum proposed for M-code. 
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BNTRODUCTIOM 

Considerable efforts have been expended in the 
development and qualification of signals for Ihe 
Galileo satellite navigation system. These have 
reached baseline status is all of the proposed 
transmission bands (E5, E6, E1-L1JE2) but concerns 
remain in the E1-L1-E2 band because this is already 
occupied with GP$ transmissions. Levels of intra- 
system and inter-system Interference have been 
computed by a number of agencies in Europe and 
the USA, The additional interference generated by 
Galileo is not considered to be at a level which 
significantly degrades other satellite navigation 
systems and is weil inside ITU measures for the 
control of interference within geostationary satellite 
systems. This not the only measure of interaction 
between the signals and receivers of 2 satellite 
systems and issue* erf Jamming need also to be 
considered. This is especially appropriate for 
Galileo where it Is intended that the system Include 
'local elements' - some of which may take the form 
of ground or near ground transmitters with identical 
signal formats to those of the satellites. 

* This has motivated the search for improved satellite 
Waveforms exhibiting lower levels of interference 

*w i j>>ira$ ith ejdsUn S systems whilst still providing good 
^.^™7^ ce - However, the main metric for 

; establishing the interaction between the signals from 

one satellite system {or service as established by 
spectrum) and the receiver performance for another 
satellite system or different service within the same 
system, is the Spectral Separation Coefficient. This 
seems to have been introduced originally by Betz 
(ref 1, 2) but there may have been eariier origins. 
He used it to deduce performance degradations in 
received signal to noise levels. 

We generalise the concept to be a measure of the 
noise power output from a receiver when certain, 
signals with given spectra are incident In its input. 
This shows that the fundamental measure is a cross 
power spectra! density. This has particular utility In 
designing signal structures with good opportunities 
for co-existence within a given frequency band. 
From this idea, we further Introduce foe concept of 
Partial Specirai Separation Coefficients In the which 
the frequency bands for the accumulation of noise 
energy are split into disjoint regions (non-dbjoint 
regions or even overlapping regions could be used) 
as a diagnostic tool to establish numerically the 
relative contributions of each sub-band. Finally, in 
the area of SSC, we Introduce a new means to 
compute SSC's in the time domain using a 'cross 
autocorrelation' function. This term does not seem 
to have appeared previously fn the literature and will 
be defined as the Fourier Transform of the cross 
power spectral density. The time domain method of 



SSC computation has two advantages. Firstly, it 
computes the SSC aver an infinite frequency 
spectrum. This, it is argued, is the correct 
normalization for SSC's. Secondly, when the 
modulation waveforms are complicated, it provides a 
much simpler method of computation. 

Finally, the theory ofSSC's is evolved to Include the 
effects of filters prior to the main signal processing In 
satellite navigation receivers. This one of the newer 
techniques which can be employed to separate the 
effects of satellite signals with different spectra. The 
filters improve the effective Spectral Separation 
Coefficients (broadly read as performance in 
Jamming) but at the (alight) cost of sub-optimum 
system performance against a white noise 
background. 

SPECTRAL SEPARATION COEFFICIENTS 

Spectral Separation Coefficients represent the 
power at the output of a receiver matched filter when 
subject to certain Input signals. The general 
arrangement is shown In figure 1.1 . The Input to the 
receiver might be from a variety of possible sources 
as shown. These include a signal source whose 
spectrum (H s {;q>)), is matched to that of the receiver 
; (in the signal pwpess^ sense ^.tjals specifies that 
• f the receiW/fi^^^ of the 

•' signal specinim - iV(o$W snfntWertng signal wilh 
spectrum H|(<d). The figure also has a 'protection* 
■filter between the signal Inputs and the receiver 
matched filter. This can be considered as having a 
frequency transfer response of 1 everywhere when ft 
is not required. 



interfering 
Signal 
Spectrum, 
Hrf*) 




Matched 

Signal 

Spectrum, 

Hs<o) 



Figure 1.1 - Arrangement of signals incident on 
protected receiver 

The spectrum at the output of the (spreading 
waveform) matched filter is: 



S Q {*)=»(P, 



U2 .H t la>) + P s ' ,2 Ji s {*>))JH P I") 

(1.1) 
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Note thai the definitions of Hi(,) and H s (.) are general 
and could encompass also the spreading codes as 
well as the spreading waveform. This allows for a 
further development of the SCC theory including the 
complex code signals. 

The Pi and P s multipliers represent the power levels 
(signal levels) of the two sources respectively, The 
power output is just the integral {over frequency) of 
this spectrum, assuming that the protection filter is 
absent: 

• *2P^ s ^H s {^Hdm)\H s (mf (1.2) 

The step from equations 1.1 to. 1.2 involving the 
squaring of the sum of the 2 signal spectra induces a 
cross product mathematically of the form HsO-HjO- 
This component disappears in the following integrals 
since it is assumed that the two spectra arise from 
signals that are uncorrected. This effect is due to 
kfihpr the cede structure of the satellite signals even 
if tife fips^l envelopes are fdentical or from the 
i&cijhat me^pectra share no common components. 
^^othef ; '^£^b the cross-spectrum term averages to 
.^grc. this '& an important assumption implicitly used 
iWihe application of SSCs and may not be satisfied 
in a number of important cases. One example is to 
be found rn tntra-system effects where me cross- 
correlation effects between finite length codes is 
likely to be an important contributor. However, flia 
term is dropped in the second line of equation 1 2. for 
convenience. 



Po =[P 0 {w)sif 

= P h f O, (a>)& s (a).<ff + P s . ]* s *ia)jdr 

(1.4) 

The spectral separation coefficient of the a signal 
with rtseif, With power spectra! density <J> s (co} is 

defined as: 

The spectral separation MefRdent^Btweeri lignals 
with different spectra, such as and <X> 5 {u) v fs 

defined as 



The terms, <D, are the power spectral densities of the 
' two spectra. This is the correct designation Since 
the definitions above have the integrated power in 
each spectrum is: 

f} = ]fi V2 .Ht(<»jf.df since 

J |ty (oOf-df « 1 and by Parsaval's Theorem 

—CO 

- ■y- JI^K 01 ]! 2 ' exp(y«>i>.dd> (Fourier Transform) 

1 ro 

= — J*/(^expU<sr).cto from which at t=0 
£{0)^1.0 

(13) 

Similar relationships exist also for the signal 
spectrum, defined as having unity power. 
Consequently, the power output from the matched 
filter is; 



Equations 1.5 and 1.6 assume that the receiver and 
transmitter hav? infinite bandwidth. If this is not the 
case [as is usual in practice), either the integration 
Emits require adjustment qr corrections to the SSC's 
must be made to include the effects of the finite 
bandwidths of receiver and transmitter. 

When a (protective) filter is inserted in the signal 
path between the satellite signal (generator) and the 
receiver matched filter, the spectral separation 

coefficients are changed for any given pair of 

signals: 
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(1.7) 



-BO 

-as 



and the revised spectral separation coefficients 
become: 



(1.8) 



The spectre] separation coefficients may be 
significantly reduced fay the action of the 'protective 1 
filferjn reducing the magnitude of those parts of the 
spectrum fn.Vyjfhlq}i^§^6 are significant cross 
specfrai . components^' r {Hrfa^.Hsfa))}, (signal 
interactions}*^ Vv' 

Cross Power Spectra 

!n this section, we explore various relationships 
between the components involved in spectral 
separation coefficients as these generate additional 
insight and new means of performing the required 
• calculations. These will bring computational benefits 
under certain conditions. 

We note that there Is a fundamental element in the 
SSC which wb cail the cross power spectrum, 



(2*1) 



The crass power spectrum is fundamental since 
SSC's and partial SSC's can be derived from it by 
integration. By examining the variation of <&ia(<o), It 
tan be observed where the main interaction? 
between the two spectra lie in the frequency domain, 
This is an Important diagnostic tool in establishing 
the efficacy or otherwise of protective filters or other 
spectrum controlling affects. An example of the 
crass power spectrum of BOC(2,2) and BOC(10,5) 
signals Is given in figure XX. 



To continue the analysis! each of the component 
power spectral densities is replaced by the Fourier 
Transform of the related euto-«carrelation function: 



(2.2) 



The last step fakes the Fourier Transform of the 
cross power spectrum to form a cross auto- 
correlation function. By altering the order of the 
Integrations, performing the one In <& first, we find: 



CO 



(2.3) 



The lest result comes from the integration with 
respect to recognising a form of the Dlfsc 6- 
furtctton. The result Is not surprising - it is simply > 
that the cross auto-correlation function -W-«Hie-: 
convolution of the two signal .^to^or&Iafidn^ 
functions. The Is useful because,: by applyifij?j1he . 
Welner-Khlnchine Theorem, the spectral separation 
coefficient can be easily deduced from the signal 
auto-correlation functions: 

— «0 

-AaS) <2.4) 



The last step arises since auto-correlation functions 
always even functions of time (the power spectral 
densities are always real functions). Consequently, 
the SSC of a signal with itself is: 



_ 

*H1 » f&i (tr).dr 



Protective Filters 



(2.5) 



The resyHs of the previous section have been 
derived without the provision of the proteclive filter. 
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In this section, these addition results are deduced 
from the equations above. The easy path to the 
necessary results is from equation 1.8 from which it 
can be seen that the spectra* separation equations 
Include an extra term - the .power frequency 
response of the filter. In what follows we write; 



(3.1) 



Then the cross power spectral density for a niter 
receiver combination becomes after equation 2-5: 



(3-2) 



Apply § (reversible) Fourier Transform to each of the 
component power spectral densities yields: 

and 

(3.3) 

This is similar to equation 2.2. By applying the 
inverse tranifo'rfiV to r-*itf ffl tsrfri, the equation 
bfeggmes*. '^if^i^^l^^oriv^uti^ of the 3 
autocorrelation tun^tamOhe tilfer 4 auto-correIaticn 
function being ? the in versa transform of the power 
frequency response). Consequently, the SSC for 
signal pairs that are subject to a filtering process are: 



(3.4) 



-on 

MB 

Structural Properties Of SSC's 

Considerations of the means to perform numerical 
analysis of the Integral in equation 2,5 and 3.4 lead 
to the identification of 2 components - a duration 
component and a shape component. The reason for 
this division is simply the finite duration of the non- 
zero portion of the integrals In equations 2,4 and 2.5. 
These can never &e larger than twice the duration of 
the shortest signal considered* Most often, this will 
be the spreading waveform itself. 

For example, the CA code {BPSK-R1) signal has an 
autocorrelation function extending over (2/1.Q23)[is, 
giving a duration component of -57.08dBs. The 
shape component (of the triangular autocorrelation 
function spread over a unit of time measurement) is 
found to ba ~4.77dBs. This makes the overall self 
SSC for a CA code signal equal to M31,86dBs* A 



BPSK-R10 signal (for example. P(Y) code) has an 
Identical shape factor but a duration component of - 
67.08dBs f giving an overall ku of-71.86dB5. 

When several different signals are used, the duration 
of the autocorrelation of the shortest signal 
determines the nonzero region for the Integrand in 
2 4 and 2.5. However, whilst the duration 
component is easy to determine, the shape 
component may be more complicated. 

This completes the section on tine development of 
spectral separation coefficients necessary to perform 
(he analysis on advanced BOC waveforms. 

BOG MODULATION WAVEFORMS 

We will start the section on BOC modulation 
waveforms and their spectra by revisiting the 
spectrum of the (weli known) BPSK modulation w«n 
a rectangular spreading wave. This will serve two 
purposes - to establish the nomenclature and to 
touch upon the assumptions necessary to support 
the currant use of the (average) envelope of the 
actual spectra and SSC's, 

BPSK-R Modulation - 

We start with the spectrum of a version of t&& Gft< 
code. {Or}, In which the spreading code sequence is 
infinitely long with 2 equi-probable states, c,. The 
auto-correlation function for the spreading code 
sequence is defined as unity at zero time offset and 
zero elsewhere - a perfeot random code. 



1 



#U)»1 forj-0 
«0 forj*0 



(5.1) 



The spreading signal, s(t) r is the convolution of the 
code sequence with a spreading waveform, h(t) 



h{t) where - 



: i < -us 



then 

5(0- f,c r Mt -r.AT). 



(5.2) 



(5.3) 



where the spreading code, c n takes a new state 
every AT seconds. 

A typical (rectangular) spreading waveform. h(t) T for 
a BPSK-R modulation is: 



Ji(0=1 forlt|£AT/2,and 
« o elsewhere 



(5.4) 
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The spectrum. H(a), is the Fourier Transform of h(t) 
-the well known sine function: • - 



H{<2>}= AT. 



sin<^%) 



<5.5) 



The power spectral density, €> fi (co), for the waveform 
s(t) is the Fourier Transform of its autocorrelation 
function (Wienar-Khintchine Theorem). The 
computation of <J> fl (<B) to probeWy best performed via 
the autocorrelation function since the spectrum of 
the sequence {c f } is not well defined in terms Off Its 
phase profile. Otherwise, use" could be made of the 
convolution to product transformation which occurs 
via the Fourier Transform. 



The auto-correlation function of s(t) is: 



(5.6) 



«U3 r n 



(5.7) 



Since, at least, h(u) is non-zero only over the range 
|u| < AT, the integral and summations can be easily 
simplified. Additionally, the product [c^J is only 
non-zero on average in the region r=n. Hence: 



(5.8) 



= 0 



and 



H^w) Is the complex conjugate of H(<»)> Using the 
Wiener-Khintohine Theorem, the area under the 
function, <t> a (a) with respect to the frequency variable 
f, is unity since: 



<Mf)~-^ J^ a (o).expyo>0^ 

^(0) = JO fl (0).ei£p(MO).aY (5.11) 
= 1 

Note should be made here of Hie relationship 
betwa&n |H(ia)| 2 and 4> s (fo)- This is a factor of tteT, 
which is the power spectral density of the random 
code signal (see for example ref 3). 

BOC Modulation 

In the case of BOC modulation, the rectangular 
spreading waveform of equation 5.4 [h(t)] s is further 
modulated by a sub-carrier having an integer 
number of half eyries within the duration AT. If the 
sub-carrier modulation is sinusoidal, the modulation 
is known as LOG (linear offset carrier) whlist tf the 
sub-carrier modulation Is rectangular, the modulation 
Is known as BOC (binary offset camer). 

There are other possibilities for the sub-carrier 
modulation also, for example, using stepped 
approximations to a sinusoid. Some of these may 
be.! useful In satellite implementations. For this 
' reason, the initial analysis will be focused on a 3- 
level stepped waveform for the sub-fcarrler 
modulation. The levels used are (-1, 0, +1) and the 
times of transition between the levels will be 
changeable (at least to some degree). This is 
shown in figure XY, This analysis method has 
sufficient flexibility to encompass SOC modulation 
(binary), tertiary and 5-level stepped waveforms by 
means of superposition. 

We model the offset carrier by revising the definition 
Of the spreading waveform to hoc(t) through 
multiplication of the basic spreading waveform with 
the sub-carrier waveform: 



where (£} is the sab -earner waveform 



(6.1) 



The spectrum of a repetitive binary waveform Is well 
known (whether c S c(t) has odd or even symmetry 
about t=^0 depends on both the phasing of the sub- 
carrier and whether m is even or odd), but we will 
not use this technique. We set up the specific 
waveform for the non«zero interval of h(t), containing 
m half cycles of the sub-carrier. Thare are several 
cases. The first two (cases 1 & 2) ere concerned 
with a sub carrier modulation which is a digital 
version of a sine wave In phasing with respect to the 
spreading waveform. The next 2 cases (3 & 4) use 
a cosine phasing for the sub carrier modulation. 
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Case 1: sine phased sub carrier waveform with m 
even. It does not matter whether there Is a positive 
or negative transition at t=0 since this only causes a 
180 degree phase shift in the fundamental 
component, translated Into all the harmonics. The 
definition of the 3-level SQC modulated spreading 
waveform is specified during each AT7m Interval; 



m it\ 



m 

rn m 



c SC (0 = 0 

for rln ~mf2..{+mf2-1) 

(Q2) 

This representation has a negative fransition at t=0 
and the waveform has dwells at the 0 level, between 
each +v© or -ve state, of duration <25,AT/m) in 
comparison with the dwell at level 1 of .<(1-28),AT/rn). 
The BOC waveform {binary sub carrier) has S=0. 

Case 2: sine phased sub carrier waveform wHh m 
odd. This implies a positive or negative state el t»0. 
The results are phase changed by 1BQ d^eeja^y. 
The 3 level stepped !sub carrier -^a^omi^th 
dwells at zero of (2&.AT/rn), is: .££ * 

CficW'Q (r-V2).^<t<(r-V2-ftf).^- 
c 9C {t)= M)' (r -VZ + *)^<t <(r+1/2 - S)M 



(r+1/2-ff^<t<(r + 1/2},^ 



Csc(*>-0 (r+V2-*)-^<t<(r + l/2 + tf}.^ 

forintegerrin -m/2«+(m/2-1) 

(6.4) 

Ceae 4: cosine phased sub carrier waveform with m 
odd. This implies a positive or negative state ai t=G. 
The results are phase changed by 180 degrees only. 
The 3 level stepped sub carrier waveform, with 
dwells al zero of (2£LAT/m) t is: 



c S c<*>=M)' 



m m 
m rn 



for integer r In - (m ~1)/2,. + (m -1)/2 



c sc (0=0 

for Integer r In the range - {m - 1)/2.. + {ro ~ 1)/2 

(6,3) 

Since m is odd, (m-1) is even and can be divided by 
2, resulting In integer values. This equation defines 
a positive state far the BOC modulation at t=0. The 
overall limits for the sub carrier modulated spreading 
waveform are ±m.AT/2. 

Case 3; cosine phased sub carrier with m even. The 
same waveform synthesis techniques are applied as 
in the previous oases* The 3 lave) stepped sub 
carrier waveform with dwells of (28*AT/m), Is; 



(6.5) 

' Since m is odd, (m-1 ) is even and can be divided by 
■w % resulting in integer values. This equation defines 
positive state for the BOC modulation at t=0. The 
, r- overall limits for the sub carrier modulated spreading 
/V* waveform are ±m. AT/2- 

Equations 6-2 to 6.5, set up repetitive tertiary 
waveforms, with levels (-1, 0, +1), with transitions at 
intervals of (AT/m) and dwells at zero of duration 
(25.AT/m) each. This arrangement provides for m 
half cycles of the binary sub-carrier during the non- 
zero interval of the spreading waveform, h(t). 

It is clear that other waveforms can be made from 
this 'building block" by superposition and 
specification of 6. This allows construction of the 
sub-carrier waveform including (but not limited to) 2, 
3 or 5 level stapled waveforms. These are 
particularly interesting as they could be implemented 
with minimal extra complexity and offer real 
performance gains. The effects can be computed 
through *he spectrum of the sub-carrier. 

In performing the analysis for this waveform 
component at this stags, ft is possible to avoid 
repeating the analysis for each waveform type later. 

Case 1: The Fourier Transform of c^cP) for m even. 
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-ua 

<i-as»js<- 1 > f 




(6.11) 



Consequently, the power spectral density for the 
BOC signal including the code waveform is: 



The final step in evaluating 6.6 concentrates on the 
summation. This can easily be performed using the 
infinite series derived from 1/(1-x). We define:- 



*flOC3(°>J s 



A7 
(1-25)'' 



sinia |I (1 - 26 )).sin<». 

MB i 



A7\ 



2 2m 



(6.12) 



X = (™1)-exp<-y < »^l) 



(6.7) 



Then, the summation in 6.6 is denoted as U (with the 
limits as sat therein): 



A7\ 



It is worthy to siote that the spectrum can be 
modified by the presence of the factor {1-2fi) itt one 
of the sine functions in the numerator. The power 
spectral density for the BOG modulation (with fi=0) 
is: 



7 m 



(6.8) 




sin{<&-^).sin(aj.-^-) 



(^).cc*{«.|I) 



In the last step, the sine function in the numerator Is 
present since m is even and is always +1. 
Then 



\jj$e ccWsponds exactly with Betz (ref .1). This is 
Hotted for a BOC(2,2) and 800(10,5) In figure 3. 

Case 2: m odd. The formulation proceeds similariy 
from the previous case (m even), but with different 
limits, until the expressions start to simplify: 



(6-9) 



We note that the frequencies of the sub carrier and 
chipping rates can be denoted as f mi where: 



OK 



~ AT 
AX 



(6.10) 



(6-14) 

This is very nearly the same expression as for the 
case of m even. The evaluation of the summation 
can proceed in exactly the same way via the infinite 
series 1/(1 -x) as before with the definition of.* as 
equation 6.7: 



The power spectral density is formed from equation 
6.6 by multiplying by its complex conjugate: 



u= £ (-i^expw^) 



m 



2m . 



(6.15) 
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The numerator of the expression in equation 6.12 is 
a sht© function because the {-If* 1 ' multiplier of the 
second term is always positive due to the fact that m 
Is odd. 

The power spectral density for the BOC modulated 
spreading waveform is, therefore: 



(6.16) 



This expression corresponds that of Betz (equation 
A12 in reference 1) With 6=0- Finally, the power 
spedral density for the code signal modulated by a 5 
BOC spreading signal i£ 



at 
0-2*) 



2/77 



(6.17) 



The power spectral density for a binary sub carrier 
modulation (with 8=0} is: 



sln{m. 



AT, f ATI 
2m 1 2 ] 



FIT 



<6.ia> 



Case 3: The Fourier Transform of OscW for m even 
with a cosine sub carrier as defined above in 
equation 6.4, is: 



J {-ir\exp(-/ajf5.dl 



-2 ^JlT , A? 



A7\l 

■ m J 
(6.19) 



The last step in equation 6.19 moved all non r- 
related components from the summation recognising 
(wo cosine components- The final step in evaluating 
equation A2.19 concentrates on the summation 
which can be performed as before. We define: 



x«(-1).exp<-/<D^) 



Then, the summation is denoted as U: 



(6>20) 



(6.21) 



Then: 
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coste.-^-) 

2/7J 



(6.22) 



The power spectra! density Is formed from equation 
8.22 by multiplying by iis complex conjugate: 



i- — 



COSf A>. — — ) 

2m X 
(6.23) 



Consequently, the power spectral density for the 
BOG signal (cosine sub carrier) including the coda 
wavefomi is: 



, , AT. 
Sin^-^-) 



) 



1- 



J7? 



(6.24) 



K Is worthy to note that the spectrum can be 
* modified by the presence of 6 In the cosine function 
in the numerator. The power spectral density for the 
BOC modulation with a cosine sub carrier (with 8-0) 
is: 

z 



todOoin)** AT.- 



AT W AT. 



(6.25) 



Care should be exercised in evaluating equations. 
A2,23 to A2.28 at its singular values. 

Case 4: The Fourier Transform of Cs C (t) for m odd 
with a cosine sub carrier, as defined above in 
equation A2,5, Is: 



to 



+ | -(-iy\expW«f).df 



(656) 



The final step in evaluating equation 6.26 
concentrates on the summation which can be 
performed as before. Wffli the summation denoted 
asU: 



(657) 



Then 



:V^jcosf«^)/cos(»||>} 



-2.(-1)-^ 2 



/ AT. 

2. 



(6.28) 



The power spectral density Is formed from equation 
A2.22 by multiplying by its complex conjugate: 



JCscf «-{«f . 



» ■ 



1 2 ' 



(6.29) 



Consequently, the power spectral density for the 
BOC signal (cosine sub carrier) Induding the code 
waveform is: 
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AT 



(6.30) 



It is worth noting thai the spectrum is modified by the 
presence of 3 In the cosine function In the 
numerator. The power spectral density for the BOC 
modulation with 8 cosine sub carrier {with 5=43} is: 



(6.31) 



Care should be exercised, in evaluating equations 
6.29 to 6.31 at any singular values. 

Modified BOC Spectra 

In the. previous section, we have found formulae for 
the power spectral density for a family of sub carrier 
.•modulated spreading functions. The family ranges 
'frorii the known BOC sub carrier with 5=0 to Z 
level waveforms with 0<S<Q.5. Clearly, the sine 
functions In cases i and 2 containing the S factor 
can be tuned to force a zero In the power spectral 
density at 



d m 



(7.1) 



The waveform modification may be made to eiiher 
the sub-carrier waveform or to the spreading 
waveform itself. Both may have advantages in 
spectral control. In the following case, we consider 
initially possible changes to the waveform of ihe sub 
carrier. For transmission purposes, these usually do 
not impact the complexity of the Navigation Signal 
Generator Unit (NGSU) to a large degree, especially 
if the possibility of such requirements has been 
accounted for early in the design. However, such 
waveforms have art effect on the range of 
modulations available on a specific transmission 
frequency. 

There are a variety of waveforms that can be used 
for the sub carrier ranging from the binary one of the 
BOC to the sine wave of the LOG, The spectrum 
control implied by the LOG sine wave, however, 
means that the satellite HPA's do not operate with 
high . efficiency. Consequently, various digital 



representations have been considered including 3 
end 5 level sine wave approximations. The 3-Ievei 
approximation has been used In the 3-state BOC (ref 
4) and the 5 level waveform is considered here as 
the resolved component of an B-PSK satellite signal. 

The Argand diagram for an 8-PSK signal is shown in 
figure 3. 




Figure 3 - Argand Diagram for 8-PSK Signal 

From this figure, it can be seen that the waveforms 
of the I and Q components resdlvfed' onto 'their 




sampling instants every 45 degre£&' ; SimiTSrH?. a 3 
state waveform results from a QPSK signal where 
there are dwells at the '0' level, tn order to observe 
the effects of the dwell of zero, a 3 level sub carrier 
modulation of the BOC(2 f 2) type is plotted in figure 3 
also for dwell periods of (2&T/6m} at each transition 
of the sub-carrier (corresponding to a 45 degree 
dwell angle per half cycle of the sub carrier). 

in the case of k-level BOC modulation, the 
rectangular code spreading waveform is further 
modulated by a k-level sub-carrier having an inieger 
number of half cycles within the duration AT. 

One way to model the sub carrier modulation is to 
revise the definition of the spreading waveform to 
h oc (t) through multiplication of the basic spreading 
waveform with the sub-carrier waveform: 



where (f ) tetfiek- level sub ■ 



carrier waveform 



We set up the specific waveform for the non-zero 
interval of h(t) by means of the superposition of the 3 
level waveform but with different transition times. 
For example a 5 level waveform for the sub carrier 
modulation is specified for 8 sub intervals within the 
period AT/m. - 
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rt AT . .AT 
6m 8m 

8m 8m 

fi*L«t<7.|L 
8m 8m 

8m Bin 



("»> 



equation 7.3, sets up repetitive binary waveforms, 
with 5 levels, and transitions at on a grid of Intervals 
of {AT/8m>. This wav&f&rm Is synthesised from tovo 
3 level waveforms, the first with an amplitude of 
(1^2) with transitions at (AT/B) and and a 

second wave with amplitude of (1-1N2) and 
transition times of (3AT/8) and (SaT/8). 

Case 1: The Fourier Transform of c sc {t) for m even 
Is, therefore: 



(7.4) 



The p functions weight the two spectra (with phase 
components) for each section of the 5 level 
waveform with 5, = 0.125 and 5* = 0,375. 



am 



-(a?—) 



cos(®|£) 
and the power spectral density then Is 

AT 



Bffl 3f7T £ 



(7-5) 



This te Similar to the expression for binary sub carrier 
modulation, The correction for the code auto- 
correlation function is 1 /AT and for the BOC 
waveform is V*. 



4> s r?2A7\« 



8/7? 

AT 



4m 



This is plotted in fiflure 3 also for the values of 81 = 
0,125 and 5 a = 0.375. 

Case 2: m ocfcL The formulation proceeds similarly 
from the previous case 4 but with different limits, untii 
the expressions start to simplify; 



The p functions weight the two spectra (with phase 
components) for each section of the 5 level 
waveform with St » 0.125 and S z = €.375. 




and the power spectral density for a 5 levels " 



»- -J 

2 



("-^COS^) 



This is also similar to the expression for binary sub 
carrier modulation. The correction for the code auto- 
correlation function is 1/AT and for the BOC 
waveform is ML 



fi£Q -4™ 2 



(7.9) 
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Figure A2.1 - Time response of 3 level sub carrier waveform wBJi sine phasing 



Figure A2.2 - Time response of 3 level sub carrier waveform with cosine phasing 
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